Abstract: In Arabidopsis thaliana (L.) Heynh., the nucleoporin CPR5 negatively regulates the cell cycle regulator CKI. In this short communication, it is shown that a cpr5 mutant is hypersensitive to the plant stress hormones of jasmonic acid, abscisic acid, and ethylene, whereas a cki mutant (sim smr1) is insensitive to these hormones, suggesting that the CPR5-CKI signaling pathway plays a central role in integrating stress responses.
Introduction
Arabidopsis thaliana (L.) Heynh. protein CONSTITUTIVE EXPRESSER OF PATHOGENESIS-RELATED GENES 5 (CPR5) was first identified in a genetic screen for mutants with spontaneous programmed cell death and constitutively enhanced resistance to biotrophic pathogens, which mimicked effector-triggered immune response (Bowling et al. 1997) . The cpr5 mutants exhibit pleiotropic phenotypes such as dwarfism, branchless trichomes, early senescence, cell death, and heightened immunity. Multiple cpr5 mutants have been cloned in genetic screens for a number of different phenotypes, including cpr5-1 for constitutive systemic acquired resistance, cpr5-2 as a suppressor of rps2, hys1-1 (hypersenescence1-1) and hys1-2 for early senescence and hypersensitiveity to sugar, cpr5-l1 (cpr5-like 1, old1-1), cpr5-l2 (old1-2), and cpr5-l3 (old1-3) for early senescence and ethylene response (Bowling et al. 1997; Jing and Dijkwel 2008) . The salicylic acid (SA) level in cpr5 mutants is highly elevated (Wang et al. 2014) . Further genetic analysis revealed that CPR5 signaling is mediated by the cyclin-dependent kinases (CDK) inhibitor (CKI) -retinoblastoma (RB) -E2F transcription factor (CKI-RB-E2F) core cell cycle signaling pathway (Wang et al. 2014 ). More recently, CPR5 was identified as a novel nucleoporin (Nup) in the nuclear envelope that negatively regulates the transport of signaling molecules by nuclear pore complex (NPC) as well as the function of CKIs such as SIAMESE (SIM) and SIAMESE-RELATED 1 (SMR1), which arrest the cell cycle to attenuate development (Wang et al. 2014; Gu et al. 2016) .
The nucleocytoplasmic transport is controlled by the NPC and transport factors. The NPC are composed of Nups which are conserved between yeast, animals, and plants. Most of the transport factors come from the karyopherin family, including importins, exportins, and tranportins. During the nucleocytoplasmic transport, karyopherin forms a complex with RAS-RELATED NUCLEAR PROTEIN (Ran), Nup, and cargo. Karyopherin binds to the phenylalanine-glycine (FG) repeats of Nup and the nuclear localization sequence or the nuclear export sequence of cargos. The karyopherin-cargo interactions are regulated by the small GTPase Ran (GTP, guanosine triphosphate). The RanGTP gradient across the nuclear envelope is essential for establishing the directionality of karyopherin-mediated nucleocytoplasmic transport (Raices and D'Angelo 2012) .
There is growing evidence that the nucleocytoplasmic transport is a critical rate-limiting step for hormones and stress signal transduction. The karyopherin protein SUPER SENSITIVE TO ABSCISIC ACID AND DROUGHT 2 (SAD2) is involved in the signaling pathways of both abscisic acid (ABA) and jasmonic acid (JA) (Yoshida et al. 2009 ). The Nup proteins SUPPRESSOR OF AUXIN RESISTANCE 1 (SAR1, Nup160) and 3 (SAR3, Nup96) are required for the nuclear import of auxin (AUX) and (or) indole-3-acetic acid (IAA) proteins that are the repressors of auxin-inducible gene expressions (Parry et al. 2006) . SAR1 also mediates the ethylene signaling pathway (Robles et al. 2012) . The karyopherin protein MODIFIER OF SNC1, 6 (MOS6) and the Nup proteins MOS3 (Nup96) and MOS7 (Nup88) are crucial to the nuclear import of the key SA signaling regulator NON-EXPRESSER OF PR GENES 1 (NPR1) (Cheng et al. 2009 ). The Nup protein CPR5 has been demonstrated to specifically inhibit nuclear import of key stress hormone regulators such as NPR1, JASMONATE-ZIM-DOMAIN PROTEIN 1 (JAZ1), and ABA INSENSITIVE 5 (ABI5) (Gu et al. 2016) .
In addition to the nucleocytoplasmic transport, the Nups are also involved in many nuclear processes, including gene activation and cell cycle regulation. In mammals, there are two transcription factors, p53 and E2F, determining cell fates such as proliferation, differentiation, senescence, apoptosis, and tumorigenesis (Kastan and Bartek 2004) . The homolog of p53 is absent in plants, whereas all of the core E2F signaling proteins, including CDKs, CKIs, RB, and E2Fs are present in plants and function as their mammalian counterparts (De Veylder et al. 2007; (Wang et al. 2014) . The Cip/Kip proteins are known to play a central role in integrating stress signals into cell fate determination. Plant KRPs have been implicated in the arrest of the cell cycle and the onset of endocycle. Genetic analysis reveals that the two Arabidopsis KRP family proteins, SIM and SMR1, function redundantly downstream of the Nup CPR5 in effector-triggered programmed cell death and immunity (Wang et al. 2014) . Usually, CPR5 proteins form oligomers to capture SIM and SMR1. Upon pathogen infection, the CPR5 oligomers are disrupted to release SIM and SMR1 to activate programmed cell death and immunity (Gu et al. 2016 ).
The signaling pathways of plant stress hormones, including SA, JA, and ethylene, have been shown to be constitutively elevated in cpr5 mutants (Clarke et al. 2000) . In this study, the sensitivity of the CPR5-CKI signaling pathway to plant stress hormones was examined.
Materials and Methods

Plant materials
Arabidopsis thaliana (Arabidopsis) plants used in this study are of the Columbia (Col-0) ecotype. The cpr5-1 (referred to as cpr5) mutant is as described (Bowling et al. 1997) . Mutants of sim (CS23884) and smr1 (SALK_033905) were obtained from the Arabidopsis Biological Research Centre (Ohio State University, Columbus, OH). The sim smr1 double mutant and cpr5 sim smr1 triple mutant are as described (Wang et al. 2014 ).
Plant hormone and sodium chloride treatments
For treatments of SA, JA, ABA, and sodium chloride (NaCl), plants were grown on Murashige and Skoog (MS) plates supplemented with the indicated concentrations of these chemicals. For treatment of ethylene, plants were grown in the dark on MS plates supplemented with 1-aminocyclopropane-1-carboxylic acid (ACC), a precursor of ethylene.
JA and ABA measurement JA and ABA was measured using the Agilent 1200 LC system (Agilent Technologies, Santa Clara, CA) and the 6520 Accurate-Mass Quadruple Time-of-Flight system (Agilent, . A reverse-phase Zorbax XDB-C18 (Agilent, 4.6 mm × 50 mm, 1.8 μm) column was set at 0.2 mL min −1 flow. JA (Sigma-Aldrich, St. Louis, MO, J2500) and ABA (Sigma-Aldrich, A1049) were used as standards.
Results and Discussion
The Nup protein CPR5 plays an essential role in both plant development and stress responses. To investigate the response of the CPR5-CKI signaling pathway to plant stress hormones, wild-type (WT), cpr5, sim smr1 (suppressor of cpr5), and cpr5 sim smr1 plants were treated with SA, JA, ethylene, and ABA ( Fig. 1 and Supplementary Fig. 1 1 ). It has been shown that npr1 mutants were hypersensitive to SA (Fan and Dong 2002) . The cpr5 mutants were as sensitive to SA as WT plants, while sim smr1 double mutants were less sensitive to SA than WT plants (Figs. 1A, 1B) . Surprisingly, although sim smr1 double mutants were also less sensitive to JA, ABA, and ethylene than WT plants, cpr5 mutants were hypersensitive to these plant growth hormones compared with WT plants (Fig. 1) . As expected, the sim smr1 mutant fully suppressed the sensitivity of the cpr5 mutant to these stress hormones, confirming the epistatic interaction of CPR5 and SIM/SMR1 (Fig. 1) .
It is well established that ABA plays a key role in plant abiotic stress responses. Accordingly, the cpr5 mutant is hypersensitive to sodium chloride ( Supplementary  Fig. 2   1 ). These data indicate that the Nup CPR5 is involved in multiple stress hormone signaling pathways and the core cell cycle regulator CKIs function downstream of CPR5 to activate these signaling pathways. These conclusions are further supported by previous epistatic analysis (Wang et al. 2014; Gu et al. 2016) . The cpr5-induced immunity could be suppressed by mutants of enhanced disease susceptibility 1 (eds1) or NahG (SA-deficient), npr1 (SA-insensitive), ethylene insensitive 2 (ein2) (ethyleneinsensitive), and jasmonate resistant 1 (jar1) (JA-insensitive). The expression of genes involved in the biosynthesis of SA and SA content are highly upregulated in the cpr5 mutant. In contrast, the expression of the genes involved in the biosynthesis of JA, ABA, and ethylene and the concentration of JA, ABA, and ethylene were unaltered in the cpr5 mutant ( Supplementary Fig. 3 1 ). These data indicate that CPR5 plays a role in the biosynthesis of SA but not JA, ABA, and ethylene. The signaling pathways of plant hormones regulate both plant development and mediate defense responses in a coordinated manner, JA, ABA, and ethylene in particular. For example, JA is essential for plant fertility, ABA is involved in plant bud and seed dormancy, and ethylene is required for plant fruit ripening (Santner and Estelle 2009) . A model of the CPR5-CKI signaling pathway in plant stress responses is proposed (Fig. 2) . The cell cycle signaling pathway serves as a signaling hub to perceive and mediate the response to environmental clues, including biotic and abiotic stresses. The Nup protein CPR5 inhibits the activities of the NPC and CKIs under nonstressful conditions. Suppression of CPR5 protein activity in response to stresses both removes the inhibition of CKIs, arresting cell cycle progression and decelerating development, and releases NPC inhibition, allowing plant growth hormone signaling to propagate into the nucleus. Once the stress is removed, CPR5 is re-activated to inhibit the stress response and switch the equilibrium back to development. This data suggest that the NPC-associated CPR5-CKI complex regulates the core cell cycle signaling pathway to balance plant development and stress response. 
